Sphagnum-dominated peatlands comprise a globally important pool of soil carbon 
| INTRODUC TI ON
High-latitude peatlands account for a large proportion of soil C as permafrostandpeat,whicharesusceptibletochangingclimaticconditions (Frolkingetal.,2011; Gorham,1991; Gorham,Lehman,Dyke, Clymo,&Janssens,2012; Hayesetal.,2011; Limpensetal.,2008; Yu,Loisel,Brosseau,Beilman,&Hunt,2010) .Agrowingbodyofresearchhasfocusedonthepotentialeffectsofclimateonpeatland plantdynamics (Camill,1999; Dieleman,Branfireun,McLaughlin,& Lindo,2015; Heijmans,Mauquoy,Geel,&Berendse,2008; Mäkiranta etal.,2018) ,butlittleattentionhasbeenpaidtothepotentialassociated changes in plant microbiomes and the key ecosystem functions they perform. In general, plant microbiomes are susceptible to environmental perturbations such as drought (Naylor, Degraaf, Purdom,&Coleman-Derr,2017; Santos-Medellín,Edwards,Liechty, Nguyen,&Sundaresan,2017; Xuetal.,2018) ,nitrogen(N)deposition (Gschwendtner,Engel,Lueders,Buegger,&Schloter,2016) ,and increasedsalinity (Yang,Hu,Long,Liu,&Rengel,2016) .Therefore, theplantmicrobiomesofpeatlandsarelikelytorespondtochanging climaticconditions.
PeatmossesofgenusSphagnumdominatemostnorthernpeatland ecosystems, contributing up to 50% of aboveground production (Turetskyetal.,2012) .PreviousstudiessuggestthatSphagnum productivityandfitnessaredependentinpartonassociationofthe plant host with a diverse microbiome (Bragina et al., 2014; Kostka et al., 2016; Warren et al., 2017) , which also plays a direct role in C and N cycling. For example, diazotrophs are estimated to supply 40%-96% of N input to peatlands (Vile et al., 2014) with high accumulation of fixed N into plant biomass (Berg, Danielsson, & Svensson,2013) .Sphagnum-associatedmethanotrophicbacteriacan convert methane to CO 2 , which can then be utilized by the plant as a substrate for photosynthesis (Kip et al., 2010 (Kip et al., , 2011 Larmola etal.,2010; Raghoebarsingetal.,2005) .Additionally,theSphagnum microbiomemaysupportthehostinpathogendefense (Opeltetal., 2007; Shcherbakov et al., 2013) and stress tolerance (Opelt et al., 2007) . DespitetheimportantroleoftheSphagnummicrobiomeinmoss productivity and nutrient cycling, the effect of warming on the Sphagnummicrobiomeisnotwellcharacterized.Sphagnum microbiomesarethoughttobestronglyimpactedbyabioticfactors (Bragina, Berg, Müller, Moser, & Berg, 2013; Leppänen, Rissanen, & Tiirola, 2015) , and Sphagnum-associated bacterial biomass was shown to changeastemperaturerises (Jasseyetal.,2013) .Therefore,warming is likely to influence microbiome structure, potentially altering plantandecosystemfunction.
The objective of this study was to quantify the impacts of experimental warming on the abundance, diversity, community composition, and N 2 fixation activity of the Sphagnum fallax microbiome over a 2-year period. We hypothesized that warming would (a) decrease Sphagnum-associated microbial diversity and (b) negatively impact rates of N 2 fixation potential. To address our hypotheses, Sphagnum microbiomes were investigated by leveraging the Spruce and Peatland Responses Under Changing Environments(SPRUCE)experiment (Hansonetal.,2017) ,which consistsofinsituwhole-ecosystemwarmingtreatmentsfromambient temperature to ambient +9°C at the S1 bog of the Marcell Experimental Forest in northern Minnesota (Kolka, Sebestyen, Verry,&Brooks,2011) .Thestudyfocusedonthediazotrophfunctional guild, which is believed to enable plant growth through N acquisition under the extremely nutrient-limited conditions that characterizeombrotrophicbogecosystems (Larmolaetal.,2014; Limpens&Heijmans,2008; Vileetal.,2014) .
| MATERIAL S AND ME THODS

| Experimental site and warming experiment
The SPRUCE experiment located in the S1 bog of the Marcell The S1 bog is an acidic and nutrient-deficient ombrotrophic <0 .1 μM nitrate, and <0.1 μM phosphate; Kolka et al., 2011; Warren et al., 2017) . Mean annual precipitation and air temperature are 768 mm and 3.3°C, respectively .
PorewaterpHdidnotshowdifferencesacrosstreatments (Griffiths & Sebestyen, 2016) . Absolute humidity is maintained across treatments while relative humidity decreases with warming treatment (Hanson et al., 2017) . Surface moisture measurements in the lowdensitypeatwerenotavailablein2016and2017duetoequipment issues.
| Sampling
To characterize the responses of the Sphagnum microbiome to warming,livinggreenstemsegments,2.5cminlength,wereran- (Table S1 ). After collection, samples were shipped to Oak Ridge NationalLaboratoryonice.
| DNA extraction, PCR, and DNA sequencing
TocharacterizeS. fallaxmicrobiomes,eachindividualwaspulverized
sequencing of polymerase chain reaction (PCR) amplicons generated from the V4 region of small subunit (SSU) rRNA genes using primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′),aspreviouslydescribed (Kolton, Graber,Tsehansky,Elad,&Cytryn,2017; Wilsonetal.,2016 
| Sequence processing and analysis
Illumina-generated SSU rRNA and nifH gene amplicon sequences were merged with PEAR (Zhang, Kobert, Flouri, & Stamatakis, 2014) , and primers were trimmed with the Mothur v1.36. and nifH amplicons, respectively ( Figure S2 ). OTU-based alpha diversity was calculated based on Shannon diversity index (H′), which includes community richness and evenness in the metric.
OTU-basedbetadiversityindiceswereestimatedbasedonBrayCurtisdistances.
| Quantitative PCR amplification
Quantitative PCR assays were performed in triplicate using the
StepOnePlus platform (Applied Biosystems, Foster City, CA) and PowerUp SYBR Green Master Mix (Applied Biosystems). Absolute quantification of SSU rRNA and nifH genes was conducted using primer pairs 331F (5′-CCTACGGGAGGCAGCAGT-3′)/518R
(5′-ATTACCGCGGCTGCTG-3′) and PolF (5′-TGCGAYCCSAAR GCBGACTC-3′)/PolR (5′-ATSGCCATCATYTCRCCGGA-3′), respectively (Muyzer & Waale, 1993; Poly, Monrozier, & Bally, 2001 were interrogated using the ARA as previously described (Warren etal.,2017 
| Data analysis
Statistical analyses were conducted in R (R Core Team, 2015) . To avoid pseudo-replication (Hurlbert, 1984) , microbial diversity and function values were averaged at the plot level to account for multiple individuals assessed from each plot. The relationship between warming and Shannon diversity index was quantified using a Pearson correlation, as previously employed with SPRUCE datasets (Richardson et al., 2018 
| D ISCUSS I ON
Inthisstudy,wefoundthattwoyearsofwhole-ecosystemwarming ledtoashiftinthediazotrophcommunityfromamixedcommunity ofNostocales(Cyanobacteria)andRhizobiales (Alphaproteobacteria) to a predominance of Nostocales. In general, N 2 fixation activityandnifHdiversityintheS1bogwerenegativelycorrelatedwith temperature,consistentwitharecentstudy (Kolton,Marks,Wilson, Chanton, & Kostka, 2019) . Proteobacteria and Acidobacteria dominated SSU rRNA gene sequence libraries in all treatments, consistent with Sphagnum microbiomes in other bog systems (Bragina et al.,2012 (Bragina et al., ,2014 Kostkaetal.,2016; Opeltetal.,2007; Shcherbakov etal.,2013 (Jassey, Chiapusio, Gilbert, Toussaint, & Binet, 2012; Verhoeven & Liefveld, 1997) . Hence, the driving mechanisms causing decreased diazotrophdiversityneedtobefurtherexamined.
A reduction in diazotroph diversity and N 2 fixation associated with warming may impact the ability of S. fallax to acquire N and subsequentlyproductionandfitnessinawarmerclimate.Reduced microbial diversity may make ecosystems more susceptible to environmentalperturbations.Inlightofadditionalanticipatedperturbations,suchasN depositionorchangesinprecipitationpatterns, these communities may be further impacted (Aanderud, Jones, Schoolmaster, Fierer, & Lennon, 2013) . Indeed, a reduction in the richness and evenness of microbial communities in other ecosystems, such as soil or rhizosphere, is associated with a reduction in ecosystem functions, including nutrient cycling (Philippot et al., 2013; Wagg,Bender,Widmer,&Heijden,2014) Bardgett,&Straalen,2008; Lau&Lennon,2011) , and plant resistance against pathogen attacks (Jousset, Schulz, Scheu, & Eisenhauer, 2011; Mendes et al., 2011) . Additionally, Sphagnummossesharbourpotentiallatentplantpathogens;inmany organisms,diseaseoutbreaksaredependentbothontheabundance ofpathogensandthediversityofmicrobiomes (Braginaetal.,2011; Elad&Pertot,2014; Toutetal.,2015) .Alternatively,areductionin diversitycouldcorrespondtoalossofpathogenictaxa,whichmight bebeneficialtohostplants.Nonetheless,pronouncedtemperatureinducedchangesofS. fallaxmicrobialcommunitiesmayleadtofunctionalchangesinthemicrobiome.
Slight differences in diazotroph activity were observed between 15 N incorporation and ARA methods across the warming treatments. This is consistent with recent peatland studies (Saiz, Sgouridis, Drijfhout, & Ullah, 2019; Warren et al., 2017) and is expectedasacetyleneisknowntoinhibitdiazotrophicmethanotrophs (Warren et al., 2017 (Rousk,Sorensen,Lett,&Michelsen, 2015) orno (Gundale,Nilsson,Bansal,&Jäderlund,2012)relation- ship between N 2 fixation activity and temperature has been reportedforborealsystems.Thisdiscrepancybetweentheobserved and expected response of N 2 fixation activity to temperature may be due to a number of mechanisms. First, differences in microbial community structure and composition may have a larger impact on rates of N 2 fixation activity than environmental characteristics (Hsu & Buckley, 2009) , especially if nitrogenase expression is dependentoncommunitycomposition (Bellenger,Xu,Zhang,Morel,& Kraepiel,2014; Darnajouxetal.,2017; Miller&Eady,1988; Warren et al., 2017; Warshan et al., 2016) . Second, Sphagnum mosses are photosyntheticallyresponsivetotemperature (Haraguchi&Yamada, 2011; Harley, Tenhunen, Murray, & Beyers, 1989) , which can decrease photosynthate production and thus exudate availability to themicrobiome.Third,elevatedsoiltemperaturehasthepotential to increase peat N mineralization (Bonan & Cleve, 1992; Rustad et al., 2001) , and plant-available NH 4 + has been observed to increaseindeeppeatwithwarmingintheSPRUCEexperimentalplots (C. M. Iversen, unpublished data). Elevated levels of available N can inhibit nitrogenase, resulting in decreased N 2 fixation activity (Gundale,Deluca,&Nordin,2011 (Riahi et al., 2011) , and would likely further disrupt S. fallax microbiome diversity and diazotroph communitystructure.
| CON CLUS IONS
Our results demonstrate that large-scale above-and belowground warmingwasassociatedwithadeclineinthediversityoftheoverall microbial community along with diazotrophs of the Sphagnum mi- 
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